Background and Purpose-Stent retriever (SR) thrombectomy has become the mainstay of treatment of acute intracranial large artery occlusion. However, it is still not much known about the optimal limit of SR attempts for favorable outcome.
S tent retriever (SR) thrombectomy has been recommended as an endovascular treatment (EVT) for acute intracranial large artery occlusion. 1 However, SR is ineffective in 20% to 30% patients. 2, 3 According to a recent review based on in vitro experiments, the likelihood of successful recanalization decreases as the number of SR passes (SRP#) increases. 4 At a certain point, another mechanical thrombectomy technique (eg, contact aspiration thrombectomy) or rescue modality can be required for rapid and successful recanalization. [5] [6] [7] Thus, even when SR is the principal endovascular modality, it is necessary to set an optimal endovascular strategy for the best EVT result.
An optimal endovascular strategy involving the SR thrombectomy procedure requires a breaking point-a specific time (1) to give up further SR attempts and switch to other rescue modalities for recanalization, or (2) that further treatment will not benefit the patient's outcome anymore. In terms of clinical outcome, the breaking point is fundamentally based on time; however, the SRP# can act as a surrogate breaking point marker for procedural time. 8 In this study, we set out to determine the specific breaking point associated with futile recanalization in SR thrombectomy. We primarily evaluated the following hypotheses: (1) at a specific SRP#, the additional recanalization rate from further SR attempts is extremely low, and (2) at a specific SRP#, the patient's functional outcome is no longer more favorable than that of a patient without recanalization, even if recanalization is achieved.
Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
We retrospectively reviewed consecutive patients with acute stroke who underwent EVT in 16 comprehensive stroke centers between September 2010 and December 2015. All patients were originally identified based on the criteria as follows: (1) intracranial large artery occlusion in anterior circulation (intracranial internal carotid artery, M1, or proximal M2), (2) endovascular procedure with modern mechanical thrombectomy technique (SR and contact aspiration thrombectomy), (3) computed tomographic (CT) angiography performed to assess occlusion and collateral status, (3) age ≥18 years, (4) initial National Institutes of Health Stroke Scale score ≥4, (5) time from onset to puncture ≤600 minutes, and (6) modified Rankin Scale score before qualifying stroke ≤1. All clinical and procedural data were obtained from the prospectively maintained registries of the participating hospitals. For this particular study, we included only patients with internal carotid artery and M1 occlusion who received SR as the first endovascular modality. The institutional review boards of all participating hospitals approved this study and waived the requirement of informed consent for study inclusion based on the retrospective study design.
SR Thrombectomy Procedure
For patients eligible for intravenous tPA (tissue-type plasminogen activator) treatment, the full dose of tPA (0.9 mg/kg) was administered. The SR thrombectomy procedures were performed under local anesthesia and according to common recommendations. 5 An 8-to 9-F regular or balloon guiding catheter (BGC) was used. The use of a BGC depended on the protocol of each participating site. Two types of SR-Solitaire (AB or FR, Medtronic, Dublin, Ireland) and Trevo (XP or ProView, Stryker, Kalamazoo, MI)-were used for SR thrombectomy. No distal access catheter was used in the study population because it had not yet been introduced during the study period.
SR was delivered and then deployed over the thrombus with a 0.021 or 0.027-inch microcatheter. The SR was left deployed for a few minutes before retrieval. For retrieval, the balloon of the BGC was inflated, and then the SR and microcatheter were cautiously retrieved under constant aspiration with a 20-or 50-mL syringe through the BGC. Even in cases without a BGC, constant aspiration was mostly performed though the guiding catheter under the manual compression of the relevant common carotid artery. This process was repeated until a modified Thrombolysis In Cerebral Infarction (mTICI) grade of 2b or 3 was achieved. The timing to stop the SR attempts or switch to another endovascular modality was determined by the operator's judgment, considering the occlusion pathogenesis, clinical or patient condition, and so on.
Imaging Analysis
For imaging analyses, anonymized digital imaging and communication in medicine files depicting EVTs and noncontrast CT and CT angiography images performed before the endovascular procedure were sent to a core laboratory. Two neuroradiologists independently assessed the Alberta Stroke Program Early CT Score (ASPECTS) and collateral status. The ASPECTS was evaluated on 5-mm thickness noncontrast CT images. Each patient's collateral status was evaluated on 20-mm thickness maximum intensity projection images of single phase CT angiography. The collateral status was dichotomized as good and poor. For cases in which vessel markings were not seen in more than half of the affected middle cerebral artery territory, the collateral status was rated as poor. 9 If vessel markings on the contralateral side were not well documented, the case was excluded for obscurity. Because the ASPECTS and collateral status were anonymized in different ways and evaluated separately, reviewers were blind to collateral status when evaluating ASPECTS and vice versa. Furthermore, reviewers who assessed ASPECTS and collateral status were blinded to clinical information of patients. The κ values for interrater reliability of the dichotomized ASPECTS (≤7 and >7) and collateral status (good and poor) were 0.657 and 0.875, respectively.
10,11 mTICI grades were evaluated by 2 independent neurointerventionalists in the core laboratory. 12 Those reviewers were blind to ASPECTS, collateral status, and clinical outcome. The κ value of the dichotomized mTICI grades (0-2a and 2b-3) was 0.813. Successful recanalization was defined as achieving an mTICI grade 2b or 3 using only the SR. All discrepant cases for ASPECTS, collateral status, and mTICI grade were resolved by consensus.
Breaking Points
We chose the SRP# (the number of SR passes) to get successful recanalization as the primary breaking point. We used the SRP# as a surrogate marker of procedural time; it is easier to analyze than time because it is naturally segmented into fewer values than time, which needs to be arbitrarily divided for analysis. Also, the SRP# is an intuitive way to express procedural endurance. The times from puncture to recanalization (PTR) and from onset to recanalization (OTR) were defined as the secondary breaking point.
Statistical Analysis
First, to observe individual and accumulative yields by SR attempt, we calculated the recanalization rate for each SR pass. The SRP# was not regulated under a specific protocol; therefore, this calculation was performed only for patients with successful recanalization.
Second, to evaluate the specific SRP# that led to futile recanalization, we divided the patients into 2 groups: favorable and unfavorable outcome groups. Patient with an modified Rankin Scale ≤2 at 3 months after EVT were assigned to the favorable outcome group. The endovascular result was defined and grouped by considering both recanalization itself and the SRP#: no recanalization, successful recanalization by 1 SR pass, 2 passes, 3 passes, 4 passes, 5 passes, and ≥6 passes. We compared the endovascular results between the favorable and unfavorable outcome groups. Basic demographics, stroke risk factors, ASPECTS, collateral status, and symptomatic intracerebral hemorrhage were also compared (in the online-only Data Supplement). The Mann-Whitney U test, χ 2 test, and Fisher exact test were used for those comparisons. To determine the independent variables for a favorable outcome, variables with a P<0.10 in the univariable analyses were entered into a multivariable analysis using binary logistic regression. In this process, we specifically considered whether a specific SRP# could be an independent cutoff point for an unfavorable outcome compared with cases without recanalization (the cutoff SRP# for futile recanalization).
Third, using that SRP# for futile recanalization, we also tried to find a specific time limit for futile recanalization. (1) Because the concept was based on the significant relationship between the SRP# and the time to recanalization (PTR and OTR), we first checked PTR
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times against the SRP# and calculated a correlation coefficient. We also performed the Jonckheere trend test and a linear regression analysis. (2) In a logistic regression analysis, we calculated the probability (with a 95% CI) of a favorable outcome at the cutoff SRP# for futile recanalization. A patient whose probability of a favorable outcome is below the calculated level might have a futile recanalization. So, we then compared the calculated probability with the probabilities derived from a regression analysis of PTR times. With this, we could inversely estimate a possible range of PTR times for futile recanalization. (3) Finally, we checked all PTR values in the range using 5-minute intervals to see whether they indicated futile recanalization. For the relevant value, a multivariable analysis was performed to verify that it is independently significant for futile recanalization. The same statistical analyses were also performed for OTR values using 10-minute intervals. A P<0.05 was considered statistically significant for the 95% CIs. All statistical analyses were performed using R software (version 3.2.2, r-project.org).
Results
A total of 710 patients who met the identification criteria were reviewed. Among them, 467 patients (mean age, 67.3±12.4 years; male patients, 55.5%) were included in the study ( Figure I in the online-only Data Supplement). Patients whose occlusion was far distal (M2, n=99) and those whose collateral status could not be determined because of inadequately visualized contralateral vessel markings (n=20) were excluded. We also excluded patients who were not first treated with SR (n=112) and those whose recanalization was achieved by a non-SR rescue modality (n=12). Median values of the initial National Institutes of Health Stroke Scale scores and ASPECTS were 15.0 (interquartile range, 12.0-19.0) and 8.0 (7.3-9.0), respectively. Eighty-two percent of patients had good collateral status. Median OTR time was 215.0 minutes (150.0-290.0 minutes).
Recanalization Rates According to the SRP#
Of the 467 patients, 384 (82.2%) had successful recanalization. Among patients with successful recanalization, the median SRP# was 2 (1-3), with a range from 1 to 7. The individual recanalization rate for each successive SR pass got sequentially lower as the SRP# increased-from 45.3% on the first pass to 0.3% on the seventh pass (Table 1) . Only 5.5% more recanalization was further expected from the fifth SR attempt.
SRP# for Futile Recanalization
Among the 467 patients, 235 (50.3%) patients had a favorable outcome. Based on the univariable analyses, younger age, male sex, absence of hypertension and diabetes mellitus, hypercholesterolemia, smoking, absence of previous stroke, low initial National Institutes of Health Stroke Scale score, ASPECTS ≥7, good collateral status, absence of symptomatic intracerebral hemorrhage, and endovascular results were associated with a favorable outcome ( 
Relationship Between the SRP# and Time to Recanalization
For patients with successful recanalization, the median PTR and OTR times were 54.0 (40.0-80.0) and 281.0 (210.0-351.2), respectively. Median PTR values at each SRP# became significantly higher as the SRP# increased (P for trend <0.001; r=0.542, P<0.001; Figure 1A ). We noted a significant linear relationship between the PTR value and the SRP#: each SR pass increased the PTR time by 15.9 minutes (P<0.001). OTR values also increased significantly the SRP# increased (P for trend <0.001; Figure 1B) . However, that correlation was much weaker (r=0.170) than with the PTR times.
Estimation of Time to Recanalization Associated With Futile Recanalization
The probability of a favorable outcome was 0.357 (95% CI, 0.297-0.419) with successful recanalization at the fifth SR pass (Figure 2A ; Table I in the online-only Data Supplement). For the PTR time, successful recanalization in a range of 110 to 155 minutes showed a similar probability of a favorable outcome ( Figure 2B ; Table II in the online-only Data Supplement). Within that range, 125 minutes of PTR was a significant cutoff associated with futile recanalization. With successful recanalization after 125 minutes of PTR, the patient's functional outcome was not significantly more favorable than that of a patient without recanalization. This cutoff time was also an independent predictor of futile recanalization in the multivariable analysis (OR, 1.87; 95% CI, 0.55-6.31; P=0.313; Table 3 ). In the same way, we determined a significant OTR cutoff for futile recanalization to be 580 minutes ( Figure 2C ; Table  III in the online-only Data Supplement; OR, 2.23; 95% CI, 0.42-11.9; P=0.349; Table 3 ). 
Subgroup Analysis According to ASPECTS and Collateral Status
For patients with ASPECTS >7 (n=377), the cutoff values for futile recanalization in the SRP#, PTR time, and OTR time did not shift (Table 4) . However, patients with ASPECTS ≤7 (n=90) had lower values of SRP# (3 passes), PTR time (60 minutes), and OTR time (310 minutes) than those with ASPECTS >7. For patients with good collateral status (n=384), the cutoff values did not shift much from their original values. However, for patients with ASPECTS ≤7 and good collateral status (n=59), the SRP# (5 passes) and PTR time (90 minutes) increased. We could not run a regression analysis for poor collateral status because none of the patients without recanalization had a favorable outcome.
Discussion
In this study, we found that additional recanalization rates got sequentially lower as more SR passes were attempted. The expected recanalization rate was remarkably low from SRP# 5. More important, if recanalization was achieved by ≥5 SR passes, patient outcomes were not significantly more favorable than among patients without recanalization. Although current guidelines recommend SR as the firstline endovascular device, operators should contemplate the best modality for their endovascular procedures. 1, 4, 5 Even if SR is preferred, an optimal endovascular strategy should be designed for it. The strategy should essentially indicate when SR should be abandoned in favor of another endovascular modality for large artery occlusion refractory to SR, which might be caused by a hard clot. A high coefficient of friction between the hard clot and vessel wall makes SR less engaged and inefficient. In addition, each SR thrombectomy failure can increase the coefficient of friction by shortening the thrombus length (thrombus compression) and increasing its hardness ( Figure II in the online-only Data Supplement). 4 Thus, each SR failure can further decrease the likelihood of recanalization, as documented in this study. The recanalization rate after ≥4 SR attempts was <10%. However, that finding alone is not enough to decide to give up further SR attempts. If successful recanalization after ≥5 SR attempts made patient outcomes more favorable, further SR attempts could be justifiable irrespective of probability. Rather, our findings demonstrate that most successful SR recanalization (≈95%) occurs within SRP# 4 if a recanalization is destined. Practically, it might be necessary to consider switching to non-SR modalities for recanalization when the SRP# is approaching 5. In a previous case series, switching to contact aspiration thrombectomy after the failure of 5 SR passes achieved successful recanalization 83.3% and also showed a favorable outcome in ≈40% of patients. 13 Therefore, setting a significant breaking point in SR thrombectomy seems meaningful.
As explained above, setting a significant breaking point during SR thrombectomy might require more than the recanalization rate alone. Patient outcomes should also be considered. If patients do not benefit from a successful recanalization, their SR thrombectomy procedures were futile. To prevent futile procedures, the outcomes of patients with successful recanalization should be more favorable than those of patients without recanalization. Therefore, we tried to find a specific breaking point at which the outcomes of patients with successful recanalization are not significantly more favorable than those of patients without recanalization. Based on our results, we modestly recommend that successful recanalization should be achieved within SRP# 4 or a PTR of 125 minutes.
Importantly, such a breaking point should be understood under the concept of time. When comparing study variables that might affect outcomes between patients with SRP# 1 to 4 and ≥5, all but time to recanalization (eg, use of IV tPA, symptomatic intracerebral hemorrhage, and the location of occlusion) were not different to each other (Table IV in the online-only Data Supplement).
It should be also noted that those breaking points were derived from a specific population in which ≈80% of patients Figure 2 . The probability of a favorable outcome according to the number of stent retriever passes and time to recanalization. Based on the probability range at the fifth pass of the stent retriever (0.297-0.419, A), corresponding ranges of probability were estimated at 110 to 155 minutes of puncture to recanalization time (B) and 550 to 670 minutes of onset to recanalization time (C).
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September 2018 had ASPECTS >7 and good collateral status. In other words, changes in those conditions might also shift the breaking points. For example, when the conditions are unfavorable, breaking points could be smaller. Actually, for the subgroup of patients with ASPECTS ≤7, the SRP# decreased to achieve an outcome more favorable than for patients without recanalization. This study had a few limitations associated with its retrospective design. First, the timing to stop SR attempts was at the operator's discretion without a specific protocol. In fact, limiting the SRP# is practically infeasible. Even in randomized controlled trials, limiting the SRP# is not evidence based. To eliminate possible errors from that bias, we analyzed only patients with successful recanalization when calculating the recanalization rates for each SR attempt. Patients without recanalization had from 1 to 12 SR passes in this study. For those patients, no one can be certain that successful recanalization could be achieved beyond their last SR pass. For example, a patient whose recanalization was not achieved by SRP# 3 might have had a successful recanalization at SRP# 4 or 5; however, we cannot be certain about that because we did not continue with SR attempts. In other words, it is unlikely that the SRP# reflects the real efficacy of SR attempts. For the same reason, we did not compare the median or mean values of the SRP# between patients with and without favorable outcomes because each group obviously included cases without recanalization.
Considering the retrospective nature of this study, we tried to minimize a bias associated with the presence of intracranial atherosclerosis-related occlusion. Although we excluded patients whose recanalization was achieved by non-SR modalities such as intracranial stenting, balloon angioplasty, or glycoprotein IIb/IIIa inhibitors, intracranial atherosclerosisrelated occlusions could be still in the study population.
Second, this retrospective study of the SRP# is limited because several clinical and procedural factors could affect the SRP#. Clot pathology, arterial tortuosity, clot burden, use of BGC, use of intravenous tPA, concomitant use of intra-arterial thrombolytics, types of SR, and thrombectomy technique are all assumptive factors affecting the SRP# or recanalization result although evidence for any of them is scarce. Within a retrospective design, it is impossible to control all those factors, but a large number of patients from multiple experienced neurointerventionalists might mitigate some of those factors. This study had a large number of patients from 16 comprehensive stroke centers. Furthermore, in this study, the SR thrombectomy technique was mostly based on common recommendations and was performed with only 2 types of SR. In this study, ≈5% of patients had the intra-arterial infusion of urokinase. However, all of the infusion was just for distal artery occlusion of M3 or more distal after SR thrombectomy. So, the SRP# was not affected by the use of intra-arterial urokinase.
This study pointed a specific breaking point where SR thrombectomy would be futile. However, unfortunately, it could not explain why some of patients needed more SR retrievals to get a recanalization (eg, 5 or more times). To Univariate results are expressed as the number of patients (%). *Each multivariable logistic regression was performed with the variables of age, sex, hypertension, diabetes mellitus, hypercholesterolemia, smoking, history of previous stroke, initial NIHSS (National Institutes of Health Stroke Scale) score, ASPECTS (Alberta Stroke Program Early CT Score) >7, and good collateral status, which each had P<0.1 in the univariable analyses.
†Odds ratio for a favorable outcome. evaluate relevant factors increasing SRP#, all kinds of clinical, etiologic, and procedural conditions should be considered, which were not in the design of this study. It is absolutely necessary to evaluate possible causes of increasing the SRP# or its refractoriness and find effective ways to overcome it. Nevertheless, we think that the findings of this study could give an evident clue for when the first-line SR modality should be abandoned and switched to other rescue modalities, which is also essential for the optimal endovascular strategy. Third, in terms of functional outcome, the SRP# might be merely a surrogate maker for procedural time. In certain conditions, the SRP# might not fairly represent procedural timefor example, in the time 1 operator can do 4 SR attempts, another might do 3 or fewer attempts with the same PTR. To address such differences, therefore, the SRP# should be figured out in the context of time. Although the SRP# was chosen primarily for its ease of analysis, we also set PTR and OTR times as secondary breaking points to support the SRP#.
Summary
Recanalization rates got sequentially lower as the number of passes increased and were remarkably low from SRP# 5 in this study population. Furthermore, recanalization was futile when it was achieved by ≥5 SR passes, which was well correlated with the time to recanalization. For better and more rapid recanalization, it might be better to switch from SR to another endovascular modality as the SRP# approaches 5.
